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Proposals are now being developed for the construction of high-power 
photovoltaic systems for operation In low Earth orbit, where the plasma number 

,J S about 1° 10 ° per cm3 ‘ Existing data indicate that Inter- 
actions between the plasma and high-voltage surfaces of an orbiting power 
system will occur. In ground tests, where the applied voltage Is Increased 
negatively from ground, the array current collection shows an approximately 

n A terminates In arcing at greater than several hundred volts 
*I h1 f f [ c1 ? 9 m ? y reduce the P° wer generation efficiency and could 

fc J h L l0W " f Ve1 l09lc c1rcuUs of the spacecraft. Therefore It 

is important that the arcing phenomenon be well understood. This studv Is a 

«Hin y r°ii the H b ? haV lu r 4 . 0f d1fferent Plelectrlc-conductor samples. Including a 

2IJ Tit ? 1ased ne9at1ve1y In a low-density plasma environ 

ment with the Intent of defining arc discharge conditions and characteristics 
Procedures and results are discussed. UC5, 


INTRODUCTION 

. " 6 ^ nt P™P° sa1s for the construction of large spacecraft to operate In 

low Earth orbit envision much greater power requirements than those of pres- 
ently operating spacecraft. The employment of very large solar arrays has 
been suggested as a means of generating such power. These arrays may operate 
at higher voltages than have been previously used In order to reduce the mass 
of conductive materials. 


Conventional solar array design exposes cell Interconnects to the plasma 
environment of !ow Earth orbit, which can be as dense as 10 6 per cm 3 . Ground 
and flight tests have shown the existence of Interactions between array sur- 
faces at high voltage and the surrounding plasma. For positive applied bias 
voltage a nonlinear current collection phenomenon known as "snapover" has been 

?n CU rfr!!rH i re I* ^ \ / or n ? 9at1ve applied bias voltage, to be considered here- 
in, recorded observations of solar arrays (e.g., ref. 2) Include current tran- 
slents and visible flashes of light, both referred to as "arcing." Although no 

thlrl^ 0 charact f r J^e these arcs In detail appears In the literature to date, 
there Is agreement that arcs seem to occur on or near exposed metal surfaces of 
a solar cell array at b.-.s voltages of -300 V or more (In this paper, "more" 
Implies an Increasing magnitude of negative voltage). If violent enough, these 

0^2336° m4 6Craft Env ^ ronmenta1 Interactions Technology - 1983, NASA 
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tron1c°c1?cSiroperat?on! S Is P i e Tl f ir?aise 0 “®ic?crT r dl’ 0n T ,ow,e '' el •!«- 

s “r? •“ 2 : r;^ 

generating tyitemj— <le5 ‘ ,n ot >»^*cale photovoltaic power 

t1ons,1ncludlIir^^1ar 0 ceir^uir C we?e' l b1asea S neSitl °i v J r1ous “nflgura- 
known density. The test facility was a in !?? negatively in a plasma of 
argon plasma source. Arcing behavior and Its riSnUnJ chamber » equipped with an 
tlon, bias voltage, and-pUsma. density were studied**" 06 ° n samp1e c °nf1gura- 


TEST FACILITY 

tlon. TheMst^hJmber wrrj^cn-dl^urbv^a^^'hJ f xper1ment conflgura- 
evacuated with mechanical and oil diffSfnl by 81 " cn - h1 9h steel bell Jar 
flowing argon gas past a hot tungsten-fi iampSt mpS iK !! asma w ® s obtained by 
cylinder Immersed In a ma gent 1c field ThP cn catbocle located In an anode 
above the test samples anH^’L^f.! 0 ^!^? about 40 cm 


prevented filament electrons and othe? SartlclSs Jn^h em6rg1ng Particles and 
striking the samples dlrectlv with the C es in the source chamber from 
during testing ranged from sJlV" tS 3x}0-l tTrr' 0 ^ 6 ° n ’ Chamber pressures 

biased us-lng two external? contlnwusly^arlaMe^ jj su1at1n 9 rods. They were 
*?['**’ 9 1v1r »9 an output of zero to -1000^ J 1 b pi*J° Ua ? e sources connected In 
obtained with a 1 .91-cm-dtamete? spherical iJnJ, "* characterUtics data were 
mated data system. Surface potential orJfiifJ 9 1 pr ° be connecfc ed to an auto- 
Ing electrostatic potential ^obe* 1 This n^hf 1 made by us1ng 3 noncontact- 
electric field between Itself 2d ‘a ImulrA 2"?* a voltage by """mg the 
probe was mounted on a movable arm and Its sf>nc?I test sample surface. The 
2 to 5 mm above the test sample spaces 9 SUrface Was swept 1n 3 plane 

series resistance^as^hun^ the voltage source, 21.1-Ma 

were run without the series resistant u P^cltance. Although some tests 
Process from the charlcte? st?c l l ? & to 1solata the discharge 

current flow from the voltage source dSr^a ???i^T e ’ a f wel1 as 11n,1t the 
Collection current was monitored with a dldltaW?**? pro J ect the equipment, 
panel ammeter. A current pulse transforml^HfL J ^ t [ 0meter and 3r > analog 
voltage line between the capaclto^ ^d the transients In the hlgh- 

was fed to a waveform recorder, connected In turn The transformer's output 
the traces were photographed. Surface voltaae °? c t 11 <>scope, where 

voltage, and Langmuir probe current were reco^efon rst'H^'ha?^”" 1 

proceoure 

obtalnedfvoltage^as SSni*T2 a " d the *'«■ ««a were 

to 10-mln waiting period at each voltaqe One^n*? 1 ?° _V 1ncreroent s, with a 3- 
for collection current stabilization, alibough ‘ 0 °^,^,^^?*^“’^ 


were not reached tn some solar cell array tests, 
setting the bias voltage at a fixed value for an 
longest test duration at a constant applied bias 
conditions was 8 hr. 


Tests were also conducted by 
extended period of time. The 
voltage with constant test 


TEST SAMPLES 


... T 5? v? ropVes are Illustrated In figure 2. The disk/pinhole sample 

(fig. 2(a)) was a. 10-cra-dlameter fiberglass disk with a centered 5-cm-dlameter 
electrode. The disk and electrode were completely covered with 0.0127-mm-thlck 
Kapton Insulation, except for a 0.8-mm-dlameter "pinhole" In the center expos- 
ing the electrode. Tests were also conducted with wire strands Inserted be- 
tween the Kapton and the electrode and extending 5 to 10 mm beyond the disk's 
surf-ace. 


A four-solar-cell module (fig. 2(b)) of 2-cm by 4-cm cells was tested with 
output shorted together. Two separate, tests were conducted 

with Kapton tape masking all but a small section of the cells and exposed 
Interconnects. 


Also examined was a 0.4-mm-base-dlameter tapered tungsten pin protruding 
from a 10-cm-dlameter fiberglass disk (fig. 2(c)). The disk covered a 5-cm- 
dlameter, centered, concave electrode. The pin, attached to the electrode, 
extended through a 0.7-mm-dlameter hole In the fiberglass to about 0.8 mm above 
the disk's surface. Thus metal touched dielectric only on the underside of 
the fiberglass at the edges of the concave electrode. The back side of the 
sample was covered with Kapton tape to prevent current collection on the rear 
surface- The same sample was also tested with a 3-cm by 2-cm piece of Kapton 
tape on the fiberglass surface. The tape was pierced by the pin so that the 
pin was In contact with the tape. 


Finally, a 5-mm-dlameter coaxial cable (RG 58B/U) was cut (fig. 2(d)) with 
the ground shielding stripped 1.5 cm away from the exposed surface to expose 
the copper center-conductor and surrounding Insulation. 


DISCUSSLON-AND RESULTS FOR INDIVIDUAL SAMPLES 
Disk/Pinhole 

Current collection rose linearly with voltage but rarely terminated In 
arcing for the plain pinhole sample. The few arcs that did occur were attrib- 
uted to dust particles Inside the hole. With the wire strands In place, arcs 
occurred regularly at an applied bias of about -500 V or more and were seen 
near or la the pinhole but not at the strand tips. The observations might 
suggest that sharp or discontinuous surfaces and close proximity of dielectric 
are requirements for arc discharging. 


Solar Cell Array 

In tests of the fu11 y exposed (unmasked) Solar array, arcing occurred at 
-300 V or more, and arcs were seen on all Interconnects, although they tended 
to occur more frequently toward the outer edges of the array. The exposed 
area of the second masking test, located on an edge of the array, arced more 
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With the large resistance In place pronounce ‘’ and extensive thaiaftertests 


Tungsten Pin/Disk 

siisisaiw 

Kapton. Yet, based on afSrP^II? r1n9 d1elec tr1c properties of m "V ersus no 
It Is more likely that f? e ? t1oned observations of the ^ u, f * 1berglass and 
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Arc Events 


occur T ?nd?!!5^n?„ ,m ™' lr ?? S Tf ared t0 te p«»»t flashes, that seemed to 
occur Individual !y. The time between arc events was measured- to be as short 

a * Sec or less. Often, current collection appeared to be stabJe right up to 

the point of discharge, with stable collection resuming shortly afterward/ 

This was excepted In certain cases of a high arcing rate (of the order of 1 

arc/sec) when the steady state collection cue-rent was not well defined. 

There was an approximately linear Increase In collection current as the 
“?\' ncr ?? sed negatively, and d1schar,as began to Scour a? sime 
definite threshold voltage. As shown In figure 6, steady-state collection was 
measurable and continued to rise linearly at applied bias voltages greater 
than or equal to the arcing threshold voltage. The difference In the slopes 

?n S ?! ai \a e11 array and p1n/d1sk curves represents the difference 

In available collection area (exposed metal area) of the two samples. 


Threshold Voltage 


h f ? * hat a ^® d d1d so at a slightly different Initial threshold 
voltage, ranging from -300 V for the fully exposed solar cell array to -800 V 
for the .ungsten pin/disk sample. In all cases the threshold voltage became 
more negative as the total arcing experience accumulated. For example, a 
sample with an Initial threshold for arcing of -500-V applied bias, which was 

b Inn e 2 at T r 8 °2 y f0r Some t1me * would 1ater exh1b1t arcs rarely, if at all, at 
Ik ' ™ edata were not conclusive as to the effect of plasma density on 

accumulation of Arcing? 31 "* beCa “ Se ° f ‘'” S Var,a,U:C thresh “' d with 


Duration and Peak Current 

Oscilloscope traces of current pulses were recorded during arc events on 
various samples. The traces (fig. 7) represent negative charge leaving the 
capeclto,- In the electrical system during an arc event. The arc duration was 

? b °“‘ 3 ! w1th the f«1st»nc» In series, and greater than 

1 msec without the resistance. Arc peak current was generally 0.5 to 2 A with 
the resistance, and about 40 A or more without It. The fact that arc peak 
current decreased with series resistance may Indicate a cutoff point at which 
the available current would not be enough to sustain arcing. 


Arc Rate 


- „ The arc / at ® leased with applied voltage and plasma density for the 
fully exposed solar array (fig. 8). This behavior was characteristic of all ol 
the samples that arced. The arc rate decreased with time during long tests of 

h e ? pos ? d ?° a r module (fig. 3). This trend was also Indicated 
during shorter tests of other samples. As stated earlier, longer tests are 

wn«?o e,J?H™1u n m "?5e" S ’ ,e ' V Wh ' ther the arc rate does ,ndeed reJch 
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Surface Voltage Profiles 

rest of an array fref tha nrk f A ±, A n ^ Surface potentials of the 
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(a) Circuitry. 



(bi Configuration and electrostatic probe path, 
figure 1. - Typical experiment circuitry and configuration. 


373 






Pinhole 


Buried electron 


f i' * ' t» V 


-Wire 



Insulated 



Side view 


lb! Solar cell module. 




/- Plastic insulation 

/ 

~ Center conductor 
(stranded wires! 

/- Ground shielding 


id! Cable end 


Ficfure 2. - lest samples. 



Figure 3. - Arc rate decrease during long constant- 
voltage test. Fully exposed solar cell module: applied 
bias voltage. -700 V: pla$m3 number density, 

N e ■ 1. 8x10* electrorts/cm* 



(ai Untested specimen. 



(b) Tested specimen. 


Figure 4 ■ Comparison of untested solar cell 
module arid one that underwent extensive 
arcing tests without current-limiting 
resistance. 



Figure 5. - Damage at two separate Interconnect 
locations on fully exposed solar cell module after 
tests without current-limiting resistance. 
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□ Pin /disk (with Kapton tape! ; 

Ne» 8.6xHrelectrdnS/em 3 
O Maskea solar coll module 
(location 2 \\ Nc* 14x10* 
electrons /cm 3 

A First discharge occurrence 




-200 -400 400 -800 -1000 

Applied Dias voltage, V 

Figure 6. - Linear rise of collected current with applied 
bias. Voltage thresholds (initial arcs! are indicated. 


(a) Fully exposed solar module, Applied voltage. <400 V: capaci- 
tance. 0.01 nf. 



<b) Fully exposed solar cell module. Series resistance removed; 
applied voltage, -775 V. 



(c> Tungsten pin/disk with Kapton iape. Applied voltage. -800 V, 
capacitance, 0,01 pF. 

Figure 7. - Illustrations of oscilloscope traces recorded during arc 
events, showing peak current and duration of arcs. 
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ta> With applied bids voltage. 

Ne - l.Mx'O 5 electrons /cm 3 . 


<b) With plasma density. Constant applied bias voi jyc, b‘>A V. 
figure a - Arc rate increase for fully exposed solar cell module. 


Substrate ■ . 
Cells and interconnects 

Coverslides 



(a) Fully exposed solar cell (five interconnects and four cells). 


Pin^ ^ ^ 



Figure 9. - Surface voltage profiles made with sweeping electrostatic probe. 
Exposed metal regions at high voltages: dielectric at lower potentials. 
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